U4 RNA from chicken, rat and man was examined for nucleotide sequence and secondary structure. Three molecular species, U4A, U4B and U4C were detected in the three animal species. U4A is 146 nucleotide long and U4B RNA only lacks the 3' terminal G. Four nucleotides are missing at the 3'-end of U4C RNA which, in addition, differs from U4A and U4B RNAs at two internal positions. Thus, U4C RNA is encoded by another gene as U4A and U4B RNAs. Only one nucleotide substitution occurred between chicken and man showing that U4A, U4B and U4C RNAs have been extremely conserved throughout evolution. The three molecular species are capped, they contain three ty, a 2'-0 methyl A and a m^A. An additional post-transcriptional modification close to the cap structure is observed in man. On the basis of an experimental study, two models of secondary structure may be proposed for U4 RNA. The 3' domain is the same in both models and is homologous to that of Ul and U5 RNAs. It consists of a single-stranded region, containing the sequence Py-(A)2"(U) n -Gp flanked by two stable hairpins probably involved in tertiary interactions. The 5' domain is less stable than the 3' domain and its structure is different in the two models. However, a long single-stranded pyrimidine region containing modified nucleotides is found in both models as in Ul and U5 RNAs. Several other nucleotide sequence homologies related to specific features of secondary structure suggest that Ul, U4 and U5 RNAs derive from a common ancestor and may have common function.
INTRODUCTION
our experimental study of the secondary structure of Ul and U5 RNAs (15, 16) showed striking homologies between these two RNA molecules and it was of interest to know whether such conclusions could be extended to other snRNA species.
To this end, we determined the nucleotide sequence of chicken, rat and human U4 RNA and we studied the secondary structure of these molecules.
MATERIALS AND METHODS
The methods used in this work have already been f u l l y described. They w i l l only be b r i e f l y summarized here.
Isolation of U4 RNA
The RNA was phenol-extracted at 0-4°C, pH 7.6 from purified nuclei, nuclear extracts or nuclear residues of rat and hen brain, hen l i v e r and HeLa cells (17, 18) . They were fractionated on 15 % polyacrylamide g e l , made up in Tris-borate buffer (19) . 2 . Sequence analysis of U4 RNA 2. 1 . Identification_of_mgdified_nucleotides. The RNA was digested with a mixture of Tl and T2 RNases. The resulting products were 5'-end labeled. Their 3'-phosphate was eliminated by action of PI nuclease. The resulting (5'-P) mono and dinucleotides were analyze chromatography according to Nishimura (20) .
(5'-P) mono and dinucleotides were analyzed by two-dimensional thin-layer 32 2.2. 5'_and 3'-end labelinos were achieved with (y-P)ATP and T4 polynucleotide kinase and (5 1 -P) pCp and T4 RNA ligase, respectively. When the entire U4 RNA molecule was 5'-end labeled, the cap structure was first eliminated by action of tobacco pyrophosphatase and alkaline phosphatase (14). 2 . 3 . Preparation of_end_labeled_Bartial_digest[on_9rgducts_of_U4_RNA.
U4 RNA was partially digested with Tl or SI nucleases (14)
. The products resulting from digestion with the former nuclease were 5'-end labeled, those resulting from digestion with the latterwere 3'-end labeled. 2 RNases . Fractionation of these products in thin-layer chromatography revealed the presence of <|i, m A and Am residues in U4 RNA (Fig. 1). 1.2. Seguence analysis of the 5'-end labeled molecules. When U4 RNA was treated with alkaline phosphatase and then incubated with (y-P)ATP and polynucleotide kinase, no labeling was obtained. Only when the phosphatase digestion was preceded by a tobacco acid pyrophosphatase treatment did we observe labeling. This observation demonstrates the presence of a cap structure at the 5'-end of U4 RNA.
The 5'-end labeled molecule was analyzed by the enzymatic method for RNA sequencing. This allowed the determination of the sequence of the 31 nucleotides located after the 2'-0 methylated nucleotide(s) of the cap structure (Fig. 4) . Rat and hen U4 RNAs have the same sequence at their 5'-end : cap-G-C-U-U-U-G. In the case of HeLa cells, the G residue next to the cap structure is replaced by a nucleotide which has not been identified. 1.3 . Seguence_analy_sis_of_the_3^:end_label^ed_niolecules. 3'-end labeled U4 RNA was analyzed by both the chemical and enzymatic methods for RNA sequencing. In the three animal species, three types of molecules (U4A, U4B and U4C RNAs) were observed (Fig. 4 ). They were terminated by A-G-A-C-U-G-G H (U4A), A-G-A-C-U-G oH (U4B) and A -G -A Q H (U4C). The 3'-end heterogeneity explains the broad band obtained at the level of U4 RNA upon fractionation of the mixture of snRNAs. In addition to the differences at the 3'-extremity, p m*A U GLU-6® Figure 1 : Analysis of modified nucleotides of HeLa U4 RNA. The RNA was digested with Tl and T2 RNases. The resulting products were 5'-end labeled and dephosphorylated at their 3'-end. They were then fractionated in the chromatographic system described by Nishimura (20) .
we found that the C residue at position 89 and the G residue at position 100 of U4A RNA and U4B RNAs were both replaced by a A residue in U4C.
In a l l three 114 RNA species, nucleotides 73 and 80 were cleaved by pancreatic RNase but not by aqueous or anhydrous hydrazine (Fig. 2) . This indicates the presence of pseudouridines whose existence was also shown after d igestion with 1, and T,, RNases ( Fig. 1) . Strand scission occurred at nucleotide 66 after diethylpyrocarbonate treatment, allowing i t s identification as an adenylic acid. However, no enzymatic cleavage or digestion in boiling water was observed at this position, indicating a 2'-0 methylation. Thus, nucleotide 66 is a 2'-0 methyl adenylic acid in agreement with the finding of the d inucleotide pAm-A or pAm-C after T, and T~ RNases digestion.
The 3'-terminal regions of U4A and U4B RNAs were strongly resistant to enzymatic digestion. In addition, band compression occurred upon fractionation of the enzymatic or chemical digestion products in polyacrylamide gels. This (Fig. 3 ) . On the other hand, U4 RNA was partially digested with T. RNase and the digestion products were 5'-end labeled during digestion. They were then analyzed by the enzymatic method for RNA sequencing. Finally, U4 RNA was hybridized to (dGp) 6 and then digested with RNAse H. The resulting products were 3'-end labeled and analysed by the chemical and enzymatic methods for RNA sequencing (Fig. 2) .
The study of all these partial digestion products completed and verified the results obtained upon 3' and 5'-end labeling of undigested U4 RNA (Fig. 4) . In addition, analysis of the RNase Hdigestion products Rl and R2 and of the SI digestion products S2 and S4 revealed the presence of a modified uridine at position 5 in the three U4 RNA species. Indeed, this pyrimidine was not cleaved by aqueous or anhydrous hydrazine (Fig. 3 ) , and therefore, should be apseudouridine. by any of the chemical reagents and, therefore, is also a modified nucleotide. I t was not identified yet (X in Fig. 4) . Treatment of 3'-end labeled fragments Rl, R2, S I , S2 and S4 ( Fig. 4) with hydrazine produced the characteristic cleavage pattern observed at the level of Ul and U5 RNA cap structure and this confirms the presence of a cap structure in U4 RNA (Fig. 3 ) . We did not identify the nucleotide denoted N at the extreme 5'-end. Since m adenylic acid is recognized by U2 RNase and is cleaved after diethylpyrocarbonate treatment, like a normal adenine residue, we failed to localize the m A r e s idue detected upon total digestion of U4 RNA.
The complete nucleotide sequences of U4A, U4B and U4C RNAs from chicken, rat and HeLa cells are shown in Figure 4 .
2. Secondary structure of U4 RNA in solution 2.1. |xp_erimental_study_. Some informations on the secondary structure of U4 RNA were provided by the study of i t s primary structure. Thus, the extremities of the partial digestion products of Tl and SI nucleases correspond to unpaired nucleotides (Fig. 4 ). The existence of RNase H-sensitive regions after hybridization of U4 RNA to (dGp) 6/ indicates single-stranded stretches of at least four pyrimidines(21). The major RNase H cleavage positions were after C75 and C76 indicating that the pyrimidine sequence 70 to 77 was available for hydridization. Cleavage also occurred after U121 and U122 showing that the uridine stretch 121-125 could hybridize to (dGp)g. The level of cleavage was lower after nucleotides 120 and 121 than after nucleotides 75 and 76 and this is probably due to the higher proportion of dG.U pairs. F inally, in some experiments, cuts occurred after nucleotides 84 and 85 suggesting hybridization to the cytosine stretch 82 to 85. However, the rate of hydrolysis by RNase H was low in this region. This may be due either to a poor accessibility of the cytosine stretch 82-85 or to the presence of molecules of U4 RNA with different conformations in solution, the cytosine stretch 82-85 being accessible only in a limited number of molecules. As already mentioned, the study of the primary structure of U4 RNA also indicated the presence of very stable base-pairs at the 3'-end of the molecules.
More data on the secondary structure of U4 RNA were obtained by the systematic study of enzymatic digestion as already described for U1A RNA (16). 3'-end labeled U4 RNA was p a r t i a l l y digested with T l , SI and Naja oxiana nucleases in the presence of 10 nW Mg ++ which stabilizes the secondary structure. Under such conditions, the regions sensitive to Tl and SI nucleases are single-stranded and those sensitive to Naja oxiana nuclease are involved in RNA-RNA interactions (24). The digestion products were then fractionated in The nucleotide sequence of U RNAs fro , q RNA is given. Only the substitutions an et in the other U4 RINA studied are indicated. X is an unidentified modified nucleotide and N is the nucleotide of the cap structure which has not been identified
and HeLa cells. The sequence of chicken U4A U4 A X i unidentified modified nuceotie a s e p either. The Tl, SI and RNase H digestion products used to establish the sequences are indicated, and are designated by Tn, Sn and Rn, respectively. polyacrylamide gels and identified by comparison with a Tl RNase digest performed under denaturing conditions and with a total digest in boiling water (Fig. 5). 2.2. Models. The complementary sequences of hen, rat and human U4 RNAs were listed from the primary structure using computer analysis. This allowed the construction of secondary structure models. Three of them, denoted Ml, M2 and M3 were in relative agreement with the results of enzymatic digestion of U4 RNA (Fig. 6) . The free energy of the structures were calculated according to Salzer (25) . Ml was found to be more stable than M2 and M3 (-35 Kcal as compared to -27 kcal). However, as already mentioned (16, 26) , the estimation of the destabilizing effect of asymetrical loops or of G.U pairs was not experimentally defined so that the values must be considered as rough estimates. In addition, the calculation does not take into account the stabilizing energy provided by t e r t i a r y interactions and, therefore, i t cannot be inferred that the structure with the lowest free energy calculated as above corresponds to the true structure.
Therefore, the three models were reexamined on the basis of the experimental results. Model Ml is in best agreement with the positions of preferential Tl and SI nuclease cleavage. In particular, nucleotides between positions 32 to 45 in a hairpin loop were attacked by these enzymes. In contrast, there was no enzymatic cleavage of the single-stranded region 18-26 of model M2 nor of the single-stranded regions 18-26 and 43-50 of model M3 (with the exception of G44). However, this does not obligatorily exclude models M2 and M3 since t e r t i a r y interactions involving the loops may also prevent enzyme action.
Model M3 is the only one i n perfect agreement with the results of Naja oxiana nuclease digestion. In particular, the major cut after nucleotide 32 is d i f f i c u l t to explain in model Ml. Base-pairing within the loop between the A-Up dinucleotides 31-32 and 40-41 would have to be assumed, or tertiary interactions.
Model M2 is in best agreement with the results of RNase H digestion of the hybrid between U4 RNA and (dGp) g . For a l l three models, the pyrimidine stretches 70-76 and 121-125 corresponding to major and minor cleavage sites are free of base-pairing. The situation is different for the cytosine stretch 82-85. I t is accessible in models Ml and M3 and should thus base-pair to (dGp)g and be cleaved by RNase H at the same extent as the pyrimidine stretch 70-76. Experimentally, a much lower yield of hydrolysis was observed. This is unlikely to be due to t e r t i a r y interactions which are expected to be destro- • yed by the heating at 60°C prior to hybridization. Possibly, the low yield of hydrolysis might be related to a steric hindrance to RNase H digestion. This also seems unlikely since, in Ul RNA, a pyrimidine stretch with a position homologous to that of the cytosine stretch 82-85 of U4 RNA models Ml and M3 was found to be perfectly accessible to hybridization and cleavage (16) . In model M2, the cytosine stretch 82-85 is hydrogen-bonded to G-G-C-G but the resulting base-paired region is not very stable and may well be destabilized This discussion clearly shows that none of the three models is in perfect agreement with the experimental data. Model M3 is the less probable. I t does not f i t well with the results of digestion with Tl and SI nucleases nor with those of RNase H digestion of hybrids. In addition, the stem of hairpin I I is made of four base-pairs only in hen U4 RNA. The suppression of an A-U pair in rat and human U4 RNAs would make i t very unstable and such a mutation destabilizing the secondary structure is rather unusual. Models Ml and M2 remain the most probable. As already mentioned, some of the discrepancies between the models and the experimental results may be accounted for by the existence of t e r t i a r y interactions involving in particular hairpinllland IV. The results of RNase H digestion of the U4 RNA-(dGp) 6 hybrids suggest that in 10 mM MgCl 2 -10 mM Tris-HCl, pH 7.4 , buffer, U4 RNA molecules have the structure M2. Possibly another structure may predominate under different conditions. I t should be pointed out t h a t , in contrast to model M3, models Ml and M2 are not altered by the replacement of A39 of hen RNA by a U residue in rat and human RNAs nor by the replacement of G89 and C100 by A residues in U4C RNA. In the particular case of U4C RNA, four nucleotides are missing at the 3'-end as compared to U4A RNA. The 3'-terminal hairpin is shorter and less stable in U4C than in U4A or U4B RNA in agreement with the experimental results showing band compression for region 129-132 in U4A and U4B but not in U4C RNA.
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Comparison of the primary and secondary structures of Ul, U4 and U5 RNAs
Inspection of the probable secondary structures of Ul, U4 and U5 RNAs showed the presence of similar oligonucleotides in specific regions of the three molecules. In order to appreciate the extent of homology in the three RNA species, their nucleotide sequences were aligned in such a way that the characteristic features of secondary structure could be compared (Fig. 7) . The extent of nucleotide sequence homology related to secondary structure was h igher with model M2 of U4 RNA than with model Ml or M3, so that only model M2 was taken into consideration for the comparison. Eleven regions of homology which seemed of particular interest were observed and were designated as £ to l<.
Regions £, ^, j[ a n d Js display homologies in the three RNA molecules.
Region £ covers the sequence of the f i r s t hairpin loop (Ul and U4 RNAs) or bulge loop (U5 RNA) starting from the 5'-end. three RNA species are in the 3'-half of the molecule : region j _ corresponds to a free single-stranded sequence Py-(A) 2 -(U) -Gp, region ^ to the loop of the 3'-terminal stable hairpin (Py-X-Py-Gp) and region j < to the trinucleotide C-U-Pupfound at or close to the 3'-end of all molecules. Region £ belongs to the same class of sequences not because of true sequence homology but because of the presence of one or several modified nucleotides in a pyrimidine-rich sequence of a hairpin loop. Regions of homology a_, b^, d^, f_ and £ are common to Ul and U4 RNAs only. Among them, region a^ corresponds to the free singlestranded sequence at the 5'-end of the molecule. I t may be remarked that the two modified uridines described previously at positions 6 and 7 of Ul RNA (14) were identified as pseudouridines (unpublished results) in agreement with recent results of Reddy et a!. (27) and that a pseudouridine was found at a homologous position in U4 RNA. Region f_ is 26 nucleotide long. 22 nucleotides are conserved either as such (sixteen) or as pyrimidine or purine nucleotides (six). Finally, region h[, corresponding to a bulge loop is common to Ul and U5 RNAs. Other sequence homologies are apparent upon examination of the sequences but do not correspond to specific features of secondary structure and are not indicated in the figure. Structural similarities between Ul, U4 (model H2) and U5 RNAs are sum-marized in Fig. 8 and suggest that tever the cause of heterogeneity at the 3'-end of the molecule, it is striking that the three forms of U4 RNA have been conserved during evolution from chicken to man which suggests that they are biologically significant. U5 RNA was also shown to be encoded by a multigene family, but a larger number of variant RNAs was detected (15). In fact, there is very little change in the structure of U4 RNA during evolution from chicken to man as only one nucleotide substitution (position 39) was observed from bird to mammal. The change at nucleotide 3 between rat and human cells is more likely to be due to an additional posttranscriptional modification in man than to mutation. Therefore, LI4 RNA is better conserved than Ul RNA (9 nucleotide substitutions between chicken and man) or than U5 RNA where several substitutions and insertions were observed in different RNA subspecies (14, 15).
As shown in The situation is different for the 5' domain whose structural characteristics are less well defined than those of the 3' domain. The major featu-res of the three RNA species in the 5' domain are as follows : a) there is an homologous sequence adjacent to the cap structure at the 5'-end (region a). I t is free of base pairing in Ul and U4 RNAs (Ml and M2) but not in U5 RNA. b) another region of homology (cj is located in the loop of hairpin I in Ul and U4 (M2) RNAs and in a bulge loop in U5 RNA. In model Ml for U4 RNA, this nucleotide stretch is base-paired, c) the single-stranded pyrimidine-rich sequence containing modified nucleotides (region f_) is found in a hairpin loop in U l , U4 (M2) and U5 RNAs, but not in U4 (Ml) RNA. In summary, two loops with homologous sequences are present in the 5'domain of Ul RNA, U5 RNA and U4 RNA model M2. Only one hairpin loop whose sequence does not resemble that of the other RNA species is detected in model Ml of U4 RNA. This is by no way an evidence for the true existence of model M2 but only an argument. I t should also be recalled that the secondary structures were determined in solution and may be different for the RNA molecules jjn vivo where a certain conformation may be stabilized by proteins.
The sequence homologies (Fig. 7 ) strongly suggest that Ul, U4 and U5 RNAs derive from a common ancestor. The differentiation of this primitive sequence into U l , U4 and U5 RNAs led to the conservation of specific conformational features which suggest common functions. Homologies like those observed between the three snRNA species were found for regions of E. Coli ribosomal RNA and messenger RNA which bind the same ribosomal protein (26, 28) . The three snRNA species may also bind the same proteins in agreement with the finding that the same polypeptides were associated with various snRNA species in immunologically precipitated snRNP ( 1 , 29) or in snRNP prepared from hnRNP (30).
Ul, U4 and U5 RNAs also bear specific sequences and certain may be related to specialized functions. For instance, i t was shown that, in Ul RNA, the single-stranded sequence adjacent to the cap structure contains the oligonucleotide A-C-C-Up which is complementary to the two extremities of premessenger RNA introns and, therefore, may serve to the correct alignment of sequences along the splice point ( 1 , 6, 7). The tetranucleotide A-C-C-Up is absent from the 5'-extremity of U4 RNA in spite of other large homologies with the sequence of Ul RNA (Fig. 7, region a) . Thus, a different function must be envisaged. In the same way, small variations specific to one of the RNAs may be of functional importance. This may be the case of the change of the number of uridines in the sequence Py-(A) 2 -(U) -G (region i_) and of the individual variations of the pyrimidine-rich stretch containing modified nucleotides (region e). In addition, the appearance or disappearance of new single-stranded regions in one of the RNAs may reveal or obliterate some of the functions.
The question can be raised whether the other small nuclear RNA species belong to the same family as Ul, U4, U5 RNAs. Several of these RNAs were sequences : 4.5 S RNAj, 4.5 S RNA associated with poly(A) + RNA, 4.8 S or U6 RNA, U2 RNA and U3 RNA (8) (9) (10) (11) (12) (13) (14) (15) . Five c r i t e r i a were used for comparison : 1) and 2) nucleotide sequence at the 3 1 and 5'-end of the molecules, 3) presence of the sequence Py-(A) 2 -(U) -G, 4) presence of modified nucleotides in a single-stranded, pyrimidine-rich region, 5) presence of a stable hairpin at the 3'-end of the molecules. Criteria 1 , 2, 3 and 5 were f u l f i l l e d in no case (in the absence of data of secondary structure, criterion 5 could not be applied to U2 RNA). Series of modified nucleotides were described in 112 and U6 RNAs but were not present in a pyrimidine-rich region so that criterion 4 was not f u l f i l l e d e ither. We conclude that Ul, U4 and U5 RNAs constitute a special class of snRNAs.
The examination of the sequences of the 4.5 S-4.8 S RNAs showed that the three species were terminated by Pu-Py-A-(Py)n .,. This suggests that these RNA species may constitute another class of small RNAs. Another observations may be of interest : a hairpin was described at the 5'-end of U6 RNA (11, 12) . Its loop as well as part of the stem have the same sequence as the homologous regions of the 3'-terminal hairpin of Ul RNA (Fig. 7) . This suggests the possible binding to a same protein but experimental data are certainly required to confirm such possibility. 
